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ABSTRACT

The floodplains of lowland rivers contain diverse aquatic habitats that provide valuable ecosystem services but are perturbed when inten-
sively cultivated. Hydrologic, water chemistry and biological (fish) conditions in five aquatic habitats along the Coldwater River, Mississippi,
were measured for more than 4 years: the river, two severed meanders that functioned as backwaters, a managed wetland and an ephemeral
channel draining cultivated fields. Off-channel habitats were connected to downstream regions 0.10% to 32% of the dry season and 24% to
67% of the wet season. The median temperatures for the five monitored sites ranged from 18�C to 23�C, the median total solids concentration
for all sites was 135mg L�1, the median total phosphorus was 0.29mg L�1 and the median total nitrogen was 1.56mg L�1. Chemical and
physical water quality displayed strong seasonal differences between the wet winter/spring and the dry summer/fall periods so that temporal
variation consisted of gradual seasonal trends superimposed on strong diurnal variations. All off-channel habitats exhibited periods of hyp-
oxia and temperatures>30�C during the dry season. Between-site gradients of water and habitat quality were strongly coupled to water depth
and runoff loading. The rehabilitation of one backwater by increasing water depth and diverting agricultural runoff was associated with
improved water quality and fish species richness relative to an adjacent untreated backwater. The diversion of polluted runoff and the use
of water control structures to maintain greater water depth were observed to be effective management tools, but the former reduces the water
supply to habitats that tend to dry up and the latter reduces connectivity. Published in 2011 by John Wiley & Sons, Ltd.
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INTRODUCTION

The floodplains of lowland rivers provide valuable services
in support of riverine ecosystems (Ward et al., 2001; Buijse
et al., 2002; Wiens, 2002; Bondar-Kunze et al., 2009) but
are often disturbed by agricultural development. Unmodified
lowland floodplains are characterised by low relief and gentle
undulating topography such as ridge and swale patterns that
produce high levels of spatial heterogeneity and associated
biological diversity. Vegetative cover is composed of
bottomland forests, canebrakes and other wetland plants, and
hydrology is characterised by periodic floods of long
duration and low amplitude. Channels have high sinuosity
and multiple, stage-dependent connections to lakes, sloughs,
wetlands and depressions. Such systems tend to alternate
between lentic conditions and sluggish flow (Pennington,
2004; Killgore et al., 2008a), with temporal variations
dominated by high-amplitude, low-frequency flood pulses
produced by main channel events (Junk et al., 1989; Ward
and Stanford, 1995; Tockner et al., 2000) that produce rapid
changes in the floodplain water chemistry and biology of
*Correspondence to: F. D. Shields, Agricultural Research Service, US
Department of Agriculture, PO Box 1157, Oxford, Mississippi 38655, USA.
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varying duration (Roozen et al., 2008). Floodplain habitat
resources, hydrology and water quality conditions are
transformed by development. Agricultural development
includes tile drainage, precision land levelling, stream
channelization, filling of wetlands, excavation of ditches,
flood control and water table manipulation.
Nutrient enrichment has been widely reported for water

bodies in cultivated floodplains in the USA (Heatherly
et al., 2007; Dubrovsky et al., 2010), and declining water
tables (Clark and Hart, 2009) and weather extremes
associated with climate change further threaten these
resources. Higher sediment yields associated with cultiva-
tion lead to shoaling, and shallower lakes tend to experience
lower dissolved oxygen (DO) concentrations than deeper
ones because of respiration occurring throughout the water
column (Miranda et al., 2001; Miranda, 2005). These
shoaled lakes also tend to have lower water transparency
because of phytoplankton and resuspension of bed sediments
by benthivorous fish (Roozen et al., 2003; Miranda and
Lucas, 2004; Lin and Caramaschi, 2005) and wind (Chao
et al. 2008). Fish communities in such systems exhibit strong
linkages to abiotic factors and are dominated by tolerant
omnivores with few predators (Miranda and Lucas, 2004).
Deeper lakes provide more stable water chemistry and a wider
range of microhabitats, which are reflected in fish assemblages
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that include more predators, more large-body species and less
tolerant species (Miranda, 2010). Linkages between biotic
characteristics and abiotic factors in streams, ditches and
bayous in cultivated floodplain watersheds are not as clear
as those for lakes (Maul et al., 2004; Rebich et al., 2004;
Stephens et al., 2008).
Additional information is needed regarding water

chemistry in aquatic systems of intensively cultivated
floodplains to develop management and regulatory strategy,
to conserve remaining ecosystem resources and to guide
future monitoring and research. Spatially extensive but
temporally intensive surveys of floodplain water chemistry
have been provided by others (Table I). The objectives of
this study were to assess water chemistry variations and
associated fish community characteristics within a relatively
small spatial domain over several years and to relate these
variations to environmental factors. A further objective
was to assess the efficacy of selected environmental
manipulations as ecosystem restoration measures.
STUDY SITES

Study sites were located within the Yazoo River Basin of
Northwestern Mississippi, USA. The Yazoo River Basin
encompasses 34 600 km2 and is separated into two distinct
topographic regions of roughly equal size, the Bluff Hills
(Hills) and the Mississippi Alluvial Plain (Delta). The Delta
is a prime example of a floodplain modified for large-scale
agricultural cultivation. Before European settlement, most
of the Delta was covered with bottomland hardwoods and
canebrakes, and annual floods from the Mississippi River
inundated almost the entire landscape. In 1821, naturalist
John James Audubon described the Yazoo River as ‘a
beautiful stream of transparent water’ (Smith, 1954 in Kleiss
et al., 2000). Now, approximately two thirds of the Delta is
cultivated for row crops, and approximately two thirds of
row cropland is irrigated. Soils in this region consist of clay
and fine sand from alluvial deposition of the ancestral
Mississippi and Ohio Rivers (Guedon and Thomas, 2004).
Bottomland soils are often heavy clay but may be sandy
silts, whereas occasionally low sandy ridges occur in ridge
and swale topography. However, much of the productive
land has been laser-levelled and is drained by a network of
ditches. Streams in the Delta are typically sluggish because
of the limited slope and are periodically turbid from
sediment runoff. Stream bottom material varies from clay
to fine sand. Most river and stream channels have been
straightened more or less to facilitate drainage.
Clearing the Delta for agriculture ca. 1900 exposed the

fine, alluvial soils to erosion, increasing turbidity levels,
suspended sediment, nutrient and pesticide concentrations
and otherwise degrading water chemistry (Cooper et al.,
Published in 2011 by John Wiley & Sons, Ltd.
1982; Dendy et al., 1984; Cooper, 1987; Kleiss et al.,
2000; Coupe et al., 2005; Killgore et al., 2008a; Stephens
et al., 2008). Lake sedimentation rates increased as much
as 50-fold (Wren et al., 2008). Twentieth-century deposition
rates reported for Delta lakes range from 1 to 6 cm year�1

(Ritchie et al., 1979; McHenry et al., 1982; Cooper and
McHenry, 1989; Wren et al., 2008; Shields et al., 2009a).
Despite these changes and effects, lakes, wetlands, streams
and remnants of such systems remain prominent features
of the Delta landscape. Most of these systems exhibit
degraded water chemistry (Table I). For example, depth
reductions due to sedimentation are associated with
decreasing DO minima. Both chronic and acute hypoxia
are common in the Delta, and warmer weather often
produces extreme diurnal variations in temperature, pH,
DO concentration and other constituents, presumably
because of algal blooms (Hicks and Stocks, 2010). Despite
extreme anthropogenic effects on the morphology, hydrology
and water chemistry of Delta aquatic systems, 102 species of
fish have been reported for the Delta (Ross, 2001), and few
extinctions have been recorded (Bryant, 2010). Most fish
species found in pre-European archeological sites are still
abundant (Bryant, 2010).
Five adjacent Delta water bodies were studied over a

period of 4 years (water years 2007–2010, inclusive). These
included (i) a 2-km reach of the Coldwater River approxi-
mately 20 km downstream from a flood control reservoir,
(ii) an adjacent backwater (severed meander bend) affected
by sedimentation, (iii) another adjacent severed meander
bend rehabilitated by emplacement of a weir, (iv) a wetland
and (v) an ephemeral slough (Figure 1). This stretch of the
Coldwater River has been cited for water chemistry and
habitat degradation associated with sediment and other
agripollutants (Mississippi Department of Environmental
Quality, 2003; US Corps of Engineers, undated), but reports
from 1990 to 1994 indicated 13 to 22 species of fishes cap-
tured each year using hoop nets with higher catches per unit
of effort than four other rivers in the Yazoo basin sampled
during the same period (Jackson et al., 1995). The severed
meander bends were created by man-made cutoffs
constructed in 1941 to 1942 (Whitten and Patrick, 1981).
Both meanders were 1.5 to 2 km long and 40m wide and
were inside the main stem flood control levee. Local
watershed soils were primarily poorly drained Alligator
(40%) or Sharkey clays (47%), with the remainder being
Tensas silty clay loam. Lands outside the old bends were
in row-crop cultivation (primarily soybeans, Glycine max,
grown using no-till or minimum tillage), whereas lands
inside the bends were in forest or fallow. Buffers of natural
vegetation 5 to 100m wide were on both banks of the old
channels. Both backwaters received runoff from cultivated
fields. Backwater levels were tightly coupled with Coldwater
River stage when the river stage exceeded the controlling
River Res. Applic. (2011)
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Figure 1. Location of the five floodplain water bodies sampled for this study. Red bars in rehabilitated backwater bend represent water control
structures emplaced just before the study. Grey arrows indicate directions of flow in the river and the ephemeral slough. Imagery from the

USDA Farm Service Agency. This figure is available in colour online at wileyonlinelibrary.com/journal/rra.
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elevation in the downstream connecting channel, but during
the warmer months, the river was 1 to 3m lower than the
backwaters, and the backwaters became quite shallow. Prob-
ing bed sediments at both sites with metal rods and sampling
one of the sites with a Vibracore apparatus revealed 2 to 2.5m
of fine sediment deposition, with mean annual rates of ap-
proximately 3.1 cm year�1 on the basis of vertical profiles of
sediment density and Cs-137 activity (Shields et al., 2010).
Chemical analyses of the sediment samples and invertebrate
bioassays suggested that metal concentrations in the sedi-
ments were unlikely to cause toxic effects, but several insecti-
cides detected within the sediments had the potential to do so
(Knight et al., 2009a, 2009b).
Before this study (in summer 2006), one of the two back-

water sites was modified for habitat rehabilitation by con-
structing two weirs in its lower limb (Shields et al., 2010),
whereas the other backwater was left in its degraded state.
Weirs consisted of low earthen embankments placed at right
angles to the old river channel and covered with stone riprap
(Figure 2). Each weir included a water control structure that
consisted of a 0.3-m-diameter pipe that penetrated the em-
bankment bisected by a flashboard riser ‘manhole’. Flash
boards could be added or removed through the manhole to
adjust the controlling elevation of the water control structure
(Figure 2). Weir water control structures were operated to
Published in 2011 by John Wiley & Sons, Ltd.
retain water during March to November and were opened
to allow more frequent connection to the Coldwater River
during December, January and February. The weirs divided
the old bend into two parts: a lake cell, with water levels
managed to increase dry season depths, and a wetland cell,
with water levels managed to produce conditions suitable
for wetland plants and associated processes. Thus, the wet-
land cell was actually a 500-m-long segment of the restored
backwater. One of the weirs was strategically located to di-
vert runoff from cultivated fields into the wetland cell and
away from the lake cell (Figure 1). The lake cell continued
to receive runoff from approximately 100 ha of fields
located on its northern and western sides and periodic over-
flow from the river. The ephemeral slough (‘slough’)
received field runoff from a network of ditches draining ap-
proximately 350 ha of cultivated fields. The slough dis-
charged into the wetland through a 0.6-m circular culvert.
METHODS

Hydrology

Climatic data were obtained from the National Weather Ser-
vice (www.ncdc.noaa.gov, station 723340). Water levels
were logged at all five sites at 30-min intervals, and flow
River Res. Applic. (2011)
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Figure 2. Construction of one of the water control structures in the rehabilitated backwater, October 2006. Inset schematic depicts drainage
structure that allowed flow through stone embankment. This figure is available in colour online at wileyonlinelibrary.com/journal/rra.

VARIATIONS IN FLOODPLAIN WATER QUALITY
rates were determined for the slough (acoustic Doppler
device in culvert) and river (upstream reservoir releases
measured by the US Corps of Engineers, Vicksburg District).
Backwater, wetland and river stages were used to compute
mean depth at each measurement interval using digital
elevation models on the basis of the LiDAR coverage of
terrestrial zones and bathymetric data collected using boat-
mounted echosounders coupled with differentially corrected
GPS. Maximum depth was computed at each measurement
interval for the slough by subtracting minimum bed elevation
from the measured water surface elevation.
Physical and chemical water quality

Weekly grab samples for water chemistry measurements were
collected from October 2006 to September 2010 (Table II).
Water temperature, conductivity, pH, DO and turbidity were
measured in situ weekly using handheld meters, and grab
samples were collected simultaneously and preserved via
chilling while transported to the laboratory for analysis.
Physical and chemical water parameters including turbidity,
total solids (TS), dissolved solids (DS), ammonium (NH4-N),
nitrate (NO3-N), nitrite (NO2-N), total Kjeldahl nitrogen
(TKN), soluble (filterable) phosphorus (P), total P (TP) and
chlorophyll a were analysed using standard methods. Organic
nitrogen (N) was computed as the difference between Kjeldahl
N and NH4-N, and suspended solids (SS) was computed as
TS-DS. Water quality sondes in the backwaters, wetland and
slough logged temperature, pH, DO, turbidity and specific
conductivity at 4-h intervals. Sondes were deployed so
Published in 2011 by John Wiley & Sons, Ltd.
sensors were 0.2 to 0.6m below the water surface. Our mea-
surements were unlikely to have been influenced by warm
season vertical stratification because vertical stratification
within our study sites was weak because of the shallow water
depths. At the degraded backwater, the sonde was sometimes
more deeply submerged during floods, but these occurred
only during colder periods when there was no vertical
stratification.
Fish

Fish assemblages offer much information regarding flood-
plain hydrology and water chemistry (Aycock, 2008; Rosso
and Quiros, 2008; Miranda, 2010). For this study, fish were
collected using a boat-mounted electroshocker at least semi-
annually from the rehabilitated backwater and river sites
during two to four 20-min sampling periods using pulsed
direct current. In addition, three similar collections were made
from the degraded backwater during high water (wet seasons)
just before and during the study. Because conductivities
varied at the collection sites both temporally and spatially,
voltages were adjusted to provide the maximum catch
possible for the given conditions. All major habitats were
sampled including shore lines, large wood formations and
open water. Fish were identified to species, enumerated and
measured for total length, which was used to calculate weight
using regression formulas on the basis of regional fish collec-
tions. Weights and numbers of fish were used to calculate
catch by numbers, catch by weight, catch per unit of effort
and numbers per unit of effort for each sample.
River Res. Applic. (2011)
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Data analysis

Exploratory analyses indicated strong hydrologic and chem-
ical variation between wet and dry seasons, consistent with
earlier work on cultivated floodplains (Schlosser and Karr,
1980; Pennington, 1999, 2004; Rebich et al., 2004; Shields
et al., 2009b). On the basis of these exploratory analyses,
seasons were defined as June to November (dry) and
December to May (wet). As noted earlier, we sampled five
floodplain water bodies in one locale over a 4-year period,
producing a ‘mensurative’ rather than ‘manipulative’
experiment sensu Hurlbert (1984). Ecological field studies
often suffer from pseudoreplication because of the difficulty
of replicating study sites. Herein, inferential statistics
(ANOVA) are used to compare grab-sampled physical and
chemical water quality data using site and season (wet or
dry) as treatments although sites were not replicated—each
site is sampled at one point in space multiple times during
each season. However, exploratory analysis of physical
and chemical water data from collected at three distinct
locations within the rehabilitated backwater indicated no
significant differences among these locations thus; the
results herein are from one location deemed representative
of the entire water body. We assumed similar situations
obtained for the other four water bodies. When sites were
sampled for fish, multiple electrofishing collections were
made from the site (water body) on a given date. These col-
lections were treated as replicates for purposes of one-way
ANOVA using site as the treatment. Although our study de-
sign is not entirely free from pseudoreplication, we feel that
our data do depict spatial and temporal variations across this
floodplain. Readers must decide if our results apply to their
areas of interest.
Grab-sampled water chemistry data were analysed using a

two-way ANOVA with season (wet or dry) and site as factors
and the critical level of significance set at a =0.001 (Glantz,
1992; Systat Software, Inc., 2009). Data were fourth-root
transformed before ANOVA because of nonnormal distribu-
tions and unequal variances, and the Holm–Sidak method
with a =0.05 was used for pairwise comparisons. Spearman
rank-order correlation analyses were run to examine
associations among variables and between measures of water
chemistry and water quantity. Continuous (sonde) water
quality data were analysed by preparing time series plots, by
computing summary statistics and by plotting daily extrema
against water depth due to its influence on processes
controlling DO and related variables (Miranda, 2005). For
spatial comparison, dry season and wet season box plots were
prepared using the in situ measurements of temperature, pH,
conductivity and turbidity collected manually from the river
and sonde data from other sites. Sonde data used for these
box plots were limited to measurements made during morning
hours when the manual measurements were made in the river.
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VARIATIONS IN FLOODPLAIN WATER QUALITY
The number of fish species per sample and the numerical
and biomass catch per unit effort were subjected to a one-way
ANOVA using the three sampled habitat types (degraded
backwater, rehabilitated backwater and river) as treatments
(Systat Software, Inc., 2009). When data were nonnormally
distributed (Shapiro–Wilk test) or when variances were
unequal, ANOVA on ranks was run. The Holm–Sidak
method was used for pairwise comparisons for ANOVA,
and the Dunn method was used for ANOVA on ranks, both
with a =0.05.
For purposes of ordination analysis, a matrix containing

fish species abundances for each collection was created.
Nonmetric multidimensional scaling (NMS) and ancillary
graphical and correlation analyses (McCune and Grace,
2002) were run using PC-ORD 4.41 software (McCune
and Mefford, 1999) to assess distributional patterns. NMS
analysis was limited to collections containing more than
six individuals (40 collections of the 41 total) and to the
27 most common species (species found in five or more
collections). Collections used for NMS contained 4 to 15
species each. Because of extreme variation in the abundances
of some species between collections, all entries in the 40
collections� 27 species matrix were log10(x+1) transformed
before ordination. Sorenson distances were constructed with
NMS from the 40� 27 data matrix with a random starting
configuration and 50 runs with actual data using the
autopilot ‘slow and thorough’ mode in PC-ORD. The signifi-
cance of patterns revealed by NMS ordination was assessed
with Monte Carlo tests of the probability that a similar
final stress could be obtained by chance. The Monte Carlo
test randomised the data by randomly reallocating elements
within columns of the 40� 27 data matrix and repeatedly
running the NMS. Then the stress obtained from NMS of
actual (unshuffled) data was compared with the Monte Carlo
outputs (McCune and Grace, 2002). To pass the Monte Carlo
test, the final stress had to be lower than that found for 95% of
the randomised runs.
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Water quality during warm, base flow seasons was often
dominated by water column photosynthesis, whereas water
quality during spring and winter was governed by hydro-
logic processes such as runoff and erosion. Clear signatures
for river flooding events were noted in the records from lentic
water bodies because river flooding normally occurred within
rainy periods when local runoff affected these sites before
river overflow. However, there were strong differences in
driving processes between the drier months of June to
November and the wetter winter–spring period (December–
May) (Table III). Themean air temperature during the dry sea-
son portion of our study was 23.1�C, which compares with
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11.9�C for the wet season. Precipitation means were 86mm
month�1 during the dry season and 134mm month�1 during
the wet seasons. Hydrologic connections among sites were
highly cyclical, with limited connections during the drier
months, which coincided with most of the growing season.
Much more frequent but sporadic connections occurred dur-
ing the wet season, which also coincided with higher sediment
loadings because fields were frequently left without winter
cover.
The waters of our study site were generally warm, turbid

and enriched with nutrients, particularly P. The median tem-
peratures for the five sites ranged from 18�C to 23�C, and tur-
bidities reached as high as 2600 NTU in the slough and as
high as 1300 NTU elsewhere. The median TS concentration
for all sites was 135mg L�1, the median TP was 0.29mg L�1

and the median total N was 1.56mg L�1. An average of 89%
of total N was composed of organic N, whereas an average of
84% of the TPwas particulate P. Eight of the 12 grab-sampled
water chemistry variables that were subjected to a two-way
ANOVA displayed significant interaction effect between the
factors site and season (Table IV). Secchi disk readings and
chlorophyll a levels varied widely and were not significantly
different across wet and dry seasons.
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Dry season physical and chemical water quality

Except for the river, dry seasons were periods of scant inflow,
hydrologic isolation and extremely low water levels. The
slough, wetland and degraded backwater dried up during
droughts every year except for 2009. Organic N and DS were
generally greater during the dry season at the lentic sites, and
at all sites, the concentrations of DS, NH4+ and organic N
were inversely proportional to mean water depth, perhaps
because of evaporation (Table IVB). Turbidity was highly
correlated with TS and SS (r> 0.98, p< 10�74), but not with
chlorophyll a (r=0.07, p=0.48) when all sites were
considered, but chlorophyll a was positively correlated with
turbidity in the rehabilitated backwater (r=0.76, p< 10�16)
and in the slough (r=0.34, p=0.01). Secchi depth was
inversely related to turbidity (r=�0.51, p< 0.001) and posi-
tively related to water depth (r=0.43, p=0.004). Turbidity
levels in the slough and wetland were about twice as great
as those in other sites, reflecting their shallow depths and their
hydraulic linkage to fields and to each other. Turbidity
increased as water depths declined in the slough and rehabili-
tated backwater (r≤�0.22, p< 0.05). The backwaters
were clearer and had smaller concentrations of SS and
NO2+NO3 than the river or the shallower floodplain sites but
differed strongly from one another in chlorophyll a levels
(Table IVB). Water column photosynthesis degraded
backwater was limited by a mat of floating duckweed (Lemna
minor) that covered the surface, producing hypoxic or anoxic
conditions. A similar mat of L. minor occurred in the wetland,
Published in 2011 by John Wiley & Sons, Ltd. River Res. Applic. (2011)
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VARIATIONS IN FLOODPLAIN WATER QUALITY
Published in 2011 by John Wiley & Sons, Ltd.
whereas the rehabilitated backwater supported rooted
macrophytes (Ludwigia peploides) along its margins and in
other shallow areas during the dry season. In the rehabilitated
backwater, turbidity, TS and DS, hardness and N in the form
of NH4+ and organic N all increased as water levels fell.
Dry season diurnal variations in temperature, DO and pH

were extreme and accentuated by diminishing water depth.
Scatter plots of the daily range (max–min) of continuously
measured constituents for nonriver sites displayed two
populations: one for water depths less than approximately
1m and one for greater depths (e.g. Figure 3). Depth-driven
variability occurred in both wet and dry seasons but was
more pronounced in dry seasons, as shown in Table V. Inmost
cases, dry season ranges became extreme as depths declined,
but in the degraded backwater, DO ranges moderated as
depths declined because maximum values were so low (mean
of shallow dry season daily max= 1.6mg L�1). Continuous
data for the river site were limited to temperature. Depth de-
pendency of the daily temperature range was observed in the
river, but it was muted relative to the sites without flow.
To allow spatial comparison, morning values of continu-

ously monitored constituents were compared with manually
measured values from the river. In general, dry season river
physical and chemical water quality was superior to the other
sites in terms of criteria for aquatic life (e.g. higher DO and
lower turbidity; Figure 4). All sites exhibited elevated tem-
peratures, with shallower sites becoming muchwarmer during
the afternoon (see wider ranges for slough and degraded
wetland; Table V).Morning temperatures varied little from site
to site, except the range of river temperatures was wider and
included much cooler values. DO values were more variable,
with lowest values in the shallow degraded backwater
(median= 0.14mg L�1) that was covered with a floating mat
of duckweed (Lemna sp.) and highest values in the river
(median= 7.3mg L�1). All floodplain sites experienced hyp-
oxic episodes. Dry season morning pH values varied little in
the wetland or rehabilitated backwater but were highly vari-
able elsewhere, with differences between the 75th and
the 25th percentiles (interquartile range) of approximately
1.2 pH units. Dry season turbidities scattered across four log
cycles, with greatest variation in the shallower sites (slough,
wetland, degraded backwater). All sites generally had con-
ductivity values between 100 and 200mS cm�1. With the ex-
ception of a few high outliers, river specific conductivities
were lower than for the floodplain sites.
Wet season physical and chemical water quality

Wet season conditions were characterised by lower tempera-
tures and specific conductivities and higher levels of DO and
turbidity (Table V and Figure 4). Wet season morning tem-
peratures were approximately 10�C cooler at each site than
for the dry season. Hypoxia was observed even during the
River Res. Applic. (2011)
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Figure 3. Typical scatter plots of the daily range (daily max–daily min) for continuously monitored water quality constituents versus mean
daily water depth.

F. D. SHIELDS ET AL.
wet season at all sites except for the river and the rehabilitated
backwater. The pH values were similar to dry season levels
but were less variable. Median grab-sampled turbidity across
all sites was about twice as high in the wet season as in
the dry season (Table IVA). TS were composed of approxi-
mately 60% SS (median across all sites) in the wet season
but only approximately 41% during the dry season. Wet
season water quality was dominated by inflow concentra-
tions, with inflows from local runoff or river flooding influen-
cing all sites to some degree. In the river, concentrations of
P, SS and DOC were directly proportional to stage
(r> 0.28, p< 0.01), whereas DS, hardness and alkalinity
declined with increasing stage (r≤�0.32, p< 0.01).
Furthermore, river total and suspended solids, TP and
NO2+NO3-N were higher in the wet season than in the dry
season. Backwater depth reflected antecedent precipitation,
and concentrations of NO2+NO3 were proportional to water
depth (r> 0.59, p< 10�8), for both the degraded and the
rehabilitated backwaters. In opposite fashion to the dry season
behaviour, turbidity, total and suspended solids, total and
filterable P, NH4+, total N and DOC were all positively corre-
lated (r> 0.23, p< 0.05) with water depth in the rehabilitated
backwater. The slough exhibited opposite behaviour to the
backwater, with DS, P, NO2+NO3 and DOC all inversely
related to water depth. Chlorophyll awas positively correlated
with turbidity, TS and SS in the slough and rehabilitated
Published in 2011 by John Wiley & Sons, Ltd.
backwater (r> 0.24, p< 0.04) and with total N in the wet-
land, slough and rehabilitated backwater (r> 0.26, p< 0.04).
Fish

A total of 3023 fishes were captured in 41 separate collections.
Five collections were made in the degraded backwater, 11 in
the river and 25 in the rehabilitated backwater. A total of 40
species were found, with 7 found at all sites, 7 found only in
the river and 15 found in both backwaters. Three tolerant
species (Lepomis macrochirus, Dorosoma cepedianum and
Pomoxis annularis) comprised 70% of the numerical total
catch, whereas the tolerants Ictiobus bubalus, Lepisosteus
oculatus andD. cepedianum comprised 62% of the total catch
biomass. Four of these five species have temperature
tolerances between 31.3�C and 32.1�C (Eaton et al., 1995),
whereas the fifth, L. oculatus, can breathe air at the surface
when anoxic conditions occur. Three species, all small-bodied
insectivores (Cyprinella lutrensis, Fundulus chrysotus and
Noturus gyrinus), were represented by only one individual.
Ictalurids (catfishes), which are common throughout the
region, comprised only 0.05% of the catch. Eight of the 40
species were classified as intolerant, and these comprised
less than 5% of the numerical catch. Three of these were
found only in the river and two were found only in the
rehabilitated backwater.
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Figure 4. Box plots of distributions of continuously monitored water quality constituents in five floodplain water bodies. Whiskers represent
the 90th and 10th percentiles, upper and lower sides of rectangles represent 75th and 25th percentiles, and the central line represents median.

Symbols represent 95th and 5th percentiles.

VARIATIONS IN FLOODPLAIN WATER QUALITY
No fish were collected from the slough or the wetland, but
visual observations of numerous small-bodied fishes were
noted, although these habitats dried up during late summer
and early fall every year except one. Species observed included
Gambusia affinis, an assortment of Fundulus spp. and compact
schools of newly hatched Ameiurus spp. (Figure 5). Although
adult catfish were not observed, the parents typically stay
near such broods guarding the young until they leave the
group on their own accord. Fish collections from the river were
composed of much larger but fewer individuals than the
backwaters (TableVI). Collections from the degraded backwater
produced fewer fish and fewer species, with smaller indivi-
duals. Degraded backwater collections were highly variable
and reflected stresses because of water chemistry and hydro-
logic factors. A wet season sample preceded by a 90-day
period that included 31 days of connection to the river
yielded 215 individuals representing 16 species. Similar
levels of effort during each of two subsequent wet seasons
that were preceded by prolonged periods of shallow water
and hypoxia and less than 1.2 days of connection in
the prior 6months yielded averages of 49 individuals
Published in 2011 by John Wiley & Sons, Ltd.
representing only seven species. The latter collections were
dominated (80% of numbers) by the ubiquitous tolerant
planktivore, D. cepedianum. Conversely, fish collections
from the deeper rehabilitated bend exhibited less temporal
variation.
Biological gradients among the sample units were

detected by the NMS ordinations. NMS ordination using
the 27 most common species produced three axes that to-
gether explained 93% of the variation in the sample space
with a final stress of 10.43 with a final instability of 10�7

at 110 iterations. A plot of fish collections in the NMS space
shows definite separation of the river and rehabilitated back-
water with collections from the degraded backwater in an
intermediate position (Figure 6). NMS axes 1 and 3 were
positively associated, and axis 2 was negatively associated,
with mean water depth. Abundances of many fishes were
related to the NMS axes (Table VII). The small, intolerant
insectivores, Cyprinella venusta and Notropis atherinoides,
and the tolerant planktivore, D. cepedianum, were positively
correlated with axis 1. Lentic species such as L. macrochirus
and P. annularis were positively correlated with axis 1
River Res. Applic. (2011)
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(r> 0.58) and negatively correlated with axis 3 (r≤ 0.60).
Rheophilic species such as Ictalurus furcatus, freshwater
drum Aplodinotus grunniens and I. bubalus were positively
correlated with axis 3 (r> 0.53).
DISCUSSION

Water quality conditions reported here were typical of
this region (Kleiss et al., 2000). The mean concentrations
of SS and nutrients (TP, filterable P, TKN, NO3� and
NH4+) were near the lower end of the range of means for
nine similar channels conveying agricultural runoff into
three oxbow lakes located approximately 125 km south of
our study area (Rebich, 2004). Chlorophyll and P levels in
the degraded and rehabilitated backwaters were similar to
those reported for these three lakes, whereas SS, NO3�
and NH4+ were lower in our backwaters (Knight and Welch,
2004). Our river site exhibited mean values for TS, SS,
Table VI. Mean or median characteristics of fish communities from
backwaters and river

Mean no.
species

Median
catch per
unit effort
(fish/min)

Median
catch per
unit effort
(g/min)

Median fish
size (g)

Degraded
backwater

6.6a 3.4a,b 89a 46a

Rehabilitated
backwater

10.6b 3.9a 267a,b 76a

River 9.2a,b 1.6b 299b 275b

Means or medians in the same column with different superscript
letters are significantly different (p< 0.05) based on single-factor
ANOVA (means) or Kruskal–Wallis ANOVA on ranks (medians),
which was applied in cases where data were nonnormal or
variances were unequal.

Figure 5. Spherical (~50 cm diameter) school of newly hatched
Ameiurus sp observed in slough, 4 June 2010. This figure is avail-

able in colour online at wileyonlinelibrary.com/journal/rra.
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Figure 6. Nonmetric multidimensional ordination of fish collections
from degraded backwater, rehabilitated backwater and adjacen
river. This figure is available in colour online at wileyonlinelibrary

com/journal/rra.

Table VII. Pearson product–moment correlation between the 27mos
common fish species abundances and NMS axes

Species Axis 1 Axis 2 Axis 3

Carpiodes carpio 0.411 �0.092 0.457
Dorosoma petenense 0.165 �0.009 0.104
Cyprinella venusta 0.635 �0.189 0.586
Cyprinella camura 0.409 �0.313 0.701
Opsopoeodus emiliae �0.461 0.240 �0.142
Ictalurus furcatus 0.235 �0.328 0.751
Ictiobus cyprinellus �0.061 0.147 0.157
Lepisosteus platostomus 0.513 �0.155 0.445
Aplodinotus grunniens 0.188 �0.289 0.667
Notropis atherinoides 0.755 �0.165 0.428
Labidesthes sicculus �0.108 0.131 �0.298
Lepomis miniatus 0.156 �0.218 0.525
Lepomis megalotis �0.183 0.335 �0.327
Carpiodes carpio �0.265 0.111 �0.309
Amia calva �0.249 0.449 �0.081
Lepomis cyanellus �0.129 0.140 �0.344
Notemigonus crysoleucas �0.232 0.512 �0.227
Fundulus olivaceus �0.593 0.356 �0.269
Pomoxis nigromaculatus �0.08 0.495 �0.274
Lepomis humilis �0.148 0.604 �0.485
Micropterus salmoides �0.543 0.617 �0.433
Lepomis gulosus �0.309 0.562 �0.595
Lepisosteus oculatus 0.068 0.444 0.200
Ictiobus bubalus 0.213 �0.252 0.719
Lepomis macrochirus �0.509 0.609 �0.791
Pomoxis annularis 0.013 0.577 �0.589

VARIATIONS IN FLOODPLAIN WATER QUALITY
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Dorosoma cepedianum 0.535 �0.101 �0.406

Coefficients ≥0.5 or ≤�0.5 are in boldface.
turbidity, TP and TKN that were lower than means reported
by Pennington (2004) for 22 sites along unregulated streams
in the Delta because most of the contributing watershed for
our site lay in the hills outside the Delta, where nutrient
levels, turbidities, water temperatures and conductivities are
lower (Killgore et al., 2008b; Shields et al., 2009b). Consider-
ing all of our sites, N levels were generally lower and P levels
higher than those reported for the Mobile River Basin, ap-
proximately 350 km to the east (Harned et al., 2004), likely
reflecting relatively high landscape N processing and soil P
concentrations in our region (Shields et al., 2009b).
Floodplains tend to be highly dynamic environments with

rich spatial heterogeneity that features extended interfaces
between terrestrial, wetland and deeper aquatic habitats.
However, the area we studied featured fields that were cleared,
levelled and planted to crop monoculture, and aquatic habitats
were degraded by sedimentation. Water quality conditions
partitioned the five water bodies we studied into three rather
distinct groups: the river, which was relatively turbid, cool
and well oxygenated; the rehabilitated backwater, which was
relatively clear, moderately well oxygenated and highly
productive; and the shallower lentic sites (slough, wetland
and degraded backwater), which were turbid, hypoxic and
subject to highly variable but generally warmer temperatures.
In contrast to spatial homogenisation, anthropogenic influences
accentuate the amplitude and frequency of temporal water
chemistry and temperature variations, particularly during dry
River Res. Applic. (2011
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seasons as noted by Miranda (2010). Extreme dry season
diurnal variation in DO (from near 0 to ~20mg L�1) has been
reported for floodplain lakes in Arkansas, with even lightly
affected ‘reference’ lakes displaying diurnal swings between
~4 and 9mg L�1 (Justus, 2010). Although rivers are physically
more dynamic than adjacent lentic habitats, diurnal water
temperature variation in the river was less extreme than for
shallow floodplain sites (Table VI).
The addition of water control structures slightly increased

dry season water depth and reduced diurnal physical and
chemical water quality variation in the rehabilitated
backwater. However, the placement of the weir that defined
the lake cell reduced the frequency and duration of
hydrologic connections to the main channel and the volume
of local runoff supplied to the lake cell (Shields et al., 2011).
Although some workers have found floodplain lakes
resistant to rehabilitation actions (e.g., Moss et al., 2005),
the greater depth in the rehabilitated backwater and the
diversion of agricultural runoff from approximately 75%
of its watershed produced less turbid conditions that were
associated with the elevated levels of chlorophyll a relative
to the other four sites. Cooper (1993) reported that the
diversion of agricultural runoff away from a large oxbow
lake within the same region reduced suspended sediment
)
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concentrations by an order of magnitude and allowed strong
increases in primary production. The deeper rehabilitated
backwater also had higher levels of organic N and lower
levels of TP, NH4+ and NO3�. These findings are similar
to those from a study of 42 Mississippi Delta lakes by Mi-
randa (2010), who found strong inverse relationships between
maximum water depth and surface DO, turbidity and chloro-
phyll a. Further, Roozen et al. (2003) reported that turbidity
and nutrient concentrations varied inversely with water depth
in 93 floodplain lakes along the lower Rhine. In-lake pro-
cesses (the resuspension of bed sediments by benthivorous
fish) rather than flooding from the river dominated lake water
quality and explained why chlorophyll a showed a strong
positive correlation to suspended sediment concentration
(Roozen et al., 2007). Coveney et al. (2005) studied a shal-
low, eutrophic Florida lake subject to agricultural runoff and
found that reduction in external P loading produced attendant
reductions in in-lake TP and chlorophyll a concentrations and
increased Secchi depths. Variations in lake quality about these
trends were strongly influenced by water depth.
The improvements in the rehabilitated backwater conditions

after weir placement were not adequate to avert hypoxia
during late summer: there were 10 to 29 consecutive days in
which minimum DO was less than 1mg L�1 each summer
of our study except for 2009, which experienced the greatest
total summer precipitation (411mm compared with 209–
322mm for other years). Periods of hypoxia are endemic in
floodplain streams and bayous in this region (Justus, 2009;
Hicks and Stocks, 2010; Shields and Knight, In press). Kleiss
et al. (2000) attribute chronic low DO to a combination of nat-
ural and anthropogenic factors, including low stream re-
aeration rates due to low channel gradients, abundant riparian
vegetation and swamps that contribute organic material, and
high temperatures. The question of how these conditions com-
pare to those that prevailed before the agricultural develop-
ment of the floodplains in the 19th century remains open.
Some workers argue that hypoxic conditions may have pre-
vailed in the predevelopment floodplains (Ice and Sugden,
2003; Kaller and Kelso, 2007; Mason et al., 2007; Justus
and Wallace, 2009; Todd et al., 2009). No data exist to de-
scribe the fish populations of the Delta before European settle-
ment, but a review of reports of archaeological remains
(middens of food refuse left by aboriginal peoples) suggests
that many of the larger taxa suitable for food that were present
then remain (Bryant, 2010). Some species (e.g., sauger,
Sander canadense, and walleye, Sander vitreus) found in the
middens are relatively intolerant of high temperatures and hyp-
oxia, whereas others are very tolerant (e.g., bowfin, Amia calva;
and gar, Lepisosteidae). Many fish species native to undevel-
oped lowland floodplains exhibit moderate tolerance to
degraded physical and chemical water quality, and several of
these native species have physiological adaptations for surviv-
ing extremely low DO levels (Hoover and Killgore, 1998).
Published in 2011 by John Wiley & Sons, Ltd.
All fish species captured in this study were previously
reported by other workers who sampled streams (Killgore
et al., 2008a) or lakes (Aycock, 2008) in the same region.
Evidently, chronic hypoxia produced backwater fish assem-
blages dominated by tolerants, quite distinct from the river
assemblage (Figure 6). The position of the degraded back-
water in the three-dimensional NMS ordination intermediate
to the rehabilitated backwater and the river may reflect the
effect of the rehabilitation weirs on connectivity because
fish movements between river and floodplain may be
sensitive to water level fluctuations and connectivity (Lyon
et al., 2010). After weir emplacement, the degraded
backwater was connected to the river 24% of the time, but
the rehabilitated backwater only 12% of the time (water
years 2007–2010 inclusive). Fish community structure in
floodplain backwaters is tightly linked to water depth, with
clear shifts in species relative abundance along an environ-
mental gradient of maximum water depth (Miranda, 2010).
Depth interacts with other environmental influences to con-
trol temperature, DO, transparency, trophic state and habitat
structure. In addition to the linkage between depth and water
quality, pooling water for rehabilitation using weirs also
provides benefits in terms of fish habitat quality and quan-
tity, especially for fishes with ‘equilibrium’ life history
strategies such as the centrarchids L. macrochirus and
P. annularis (Zeug and Winemiller, 2008). Equilibrium stra-
tegists are characterised by nest guarding and relatively low
interannual variation in recruitment. Backwaters along the
Lower Mississippi River are heavily used by fishes that con-
tinue to spawn and rear throughout summer into early au-
tumn: Centrarchidae (sunfishes), Catostomidae (suckers)
and Atherinidae (silversides) (Hoover et al., 2000). All three
groups were common in our backwaters, comprising more
than half of the catch biomass. These groups together com-
prised 75% of the total numerical catch from the rehabili-
tated backwater, but only 32% from the degraded
backwater. Lightly modified floodplains feature high levels
of connectivity with the main channel, which floods the
adjacent backwaters in long duration pulses (Junk et al.,
1989; Ward and Stanford, 1995). Like many disturbed eco-
systems, shallow lakes and backwaters are dominated by
opportunists that have small adult size, extended breeding
seasons and early sexual maturity that allow populations to
survive periods of drying and extreme water quality degrad-
ation. Adding weirs to increase water depth and stability in
floodplain backwaters can reduce connectivity (Shields
et al., 2010, 2011) yet produce definite benefits in terms
of shifting fish community structure toward the increased
representation of desirable forage and game species and
away from tolerant omnivores (Pegg et al., 2006). Thus,
the stewardship of ecosystem services may be better
served by focussing on outcomes rather than natural refer-
ences (Dufour and Piégay, 2009; Jackson and Pringle,
River Res. Applic. (2011)

DOI: 10.1002/rra



VARIATIONS IN FLOODPLAIN WATER QUALITY
2010). We recognise, however, that strong arguments may
be made against this position and that such a focus forces
managers to choose target states (‘outcomes’) on the basis
of criteria other than the emulation of a preexisting state
or reference.
CONCLUSIONS

The study reach of the Coldwater River and associated
floodplain habitats exhibits long-term degradation due to
upstream impoundment, channelization and floodplain culti-
vation. Floodplain aquatic habitats exhibited strong seasonal
cycles between relatively cool, wet winter/spring and hot,
dry summer/fall. Superimposed on these cycles were diurnal
variations in temperature, DO and related constituents that
were amplified by diminishing water depths. Dry season
physical and chemical water quality was dominated by these
diurnal variations and internal processes such as algal
blooms, whereas wet season conditions reflected primarily
local inflows and only weak coupling to the river. The river
represented one end point of a continuum defined by flow
and water depth (current, deep, cool, well oxygenated and
relatively temporally stable physical and chemical water
quality), with the ephemeral floodplain sites clustered near
the other end (no current, shallow, warm, hypoxic and
high-frequency temporal variations in quality). Fish commu-
nity structure reflected water depth and connectivity. The
rehabilitation and protection of floodplain aquatic habitats in
agricultural landscapes is possible through measures such as
flow augmentation (Lizotte et al., In press), constructing water
control structures and diversion of polluted runoff away from
protected areas. However, such measures may be too costly
and require trade-offs such as reduced water supply or reduced
main channel connectivity. In this case, rehabilitation was
not adequate to prevent chronic dry season hypoxia in the
treated backwater.
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